ABSTRACT The radioactivity levels of naturally-occurring 238 
Introduction
Suez Canal lies within the northeastern area of Egypt and connects the Mediterranean Sea to the Gulf of Suez and thus to the Red Sea, extending from Port Said in the north to Port Tawfiq, near Suez, in the south. It is 165 km long, and passes through an area of considerable agricultural, industrial and touristic activities. The considerable amounts of international trade transported through the Suez Canal, include among others radioactive materials resulting in increasing public concern about radiation safety during transport (Abril and Abdel-Aal, 2000) . El-Tahawy et al. (1994) , measured the radioactivity levels of both natural and artificial radionuclides in the stream water of Suez Canal and related bottom sediments and found that the fate of released radionuclides will strongly dependent on the chemical affinity to particulate matter in suspended loads and bottom sediments. Abril and Fraga (1996) , proposed an eustrine dispersion model for nonconservative radionuclides and tried to apply it to study the dispersion of 226 Ra in the Odiel river area of Spain, at different spatial and temporal scale.
Among the different isotopes of uranium, 238 U is the predominant contributor to natural radioactivity. In the Earth's crust the average 238 U content has been estimated to be 2.7 mg/kg, and its concentration may be as high as 120 mg/kg in phosphate rocks (Padam et al., 1996) , while the average content of 232 Th is almost about 9.6 mg/kg (Firestone et al., 1996) . Thus enhanced levels of uranium, thorium and their daughters might be present in water in areas that are rich in natural radioactivity.
Uranium isotopes ( 238 U, 235 U and 234 U) are known to have a non-negligible radiotoxicity (WHO, 1978; Malcome-Lawes, 1979) ; which several radionuclides in related radioactive decay chains of both 238 U and 235 U are highly radiotoxic. The most radiotoxic among them is radium, which is known as carcinogenic element and exists in several isotopic forms. The predominant radium isotopes are 226 Ra, an alpha emitter with a half-life of 1600 years, and 228 Ra, a beta emitter with a half-life of 5.8 years (Sidhu and Breithart, 1998) . When radium is taken into the body, its metabolic behavior is similar to that of calcium and an appreciable fraction is deposited in bones and the remaining fraction will be distributed almost uniformly in soft tissues (Wrenn et al., 1985) .
Radium concentration in surface waters normally ranges from 0.01 to 0.1 Bq/L (Iyengar, 1990 ) from which the highest values have been found in waters close to uranium mining and milling sites (Benes, 1990 ). An important aspect of radium protection is the critical pathway being ingestion through the food chain or drinking water (Kahlos and Asikainen, 1980) . In drinking water from Qena Governorate of Upper Egypt, the mean 226 Ra concentration is about 0.049 ± 0.026 Bq/L, while in ground water from springs within Safaga and El-Quseir areas in the Red Sea region where a number of phosphate mines exist, the mean radioactivity levels of 226 Ra and 232 Th are 0.113 ± 0.033 and 0.051 ± 0.022 Bq/L, respectively (Ahmed, 2004) .
In the present study, several surface water samples from different locations in the Suez Canal are studied to identify the chemical characteristics of the waters and to investigate the radioactivity levels of both natural and artificial radionuclides.
Experimental

Samples and sample preparation
Eight samples (1.0 L each) were collected from different areas of the Suez Canal, including samples from El Qantara, El Ballah, El Firdan, Tousson, Deversoir, El Kabrit, Geneffe and El Shallufa (Fig. 1) . Each sample was prepared for γ-spectroscopic measurements by being transferred to a polyethylene Marinelli beaker with appropriate sealing. The samples were measured under the same geometrical conditions used for counting reference standards after being corrected for background. The prepared samples were measured by γ-spectrometry after a long enough storage period to allow secular equilibrium of 238 
Inorganic analysis
The physical characteristics of test samples were defined through determination of pH, electrical conductivity (EC) and the total dissolved solids (TDS) using classical conventional methods. For simultaneous determination of the common cations including sodium, potassium, magnesium and calcium, an automated ion chromatographic system was used (type Dionex, model 2000i/sp, USA) with CS12A analytical column and methane sulphonic acid as eluent. For sulphate and chloride ions, AS12A was used as column and a solution mixture of sodium carbonate and bicarbonate as eluent (Dionex, 1995a (Dionex, , 1995b .
Radioactivity measurements
Gamma ray spectroscopic measurements are carried out with a system including a HPGe P-type detector with resolution (FWHM) at 122 keV ~ 1.1 keV ( 57 Co) and at 1332 keV ~ 2.0 keV ( 60 Co). The relative efficiency at 1.33 MeV is 30%. The detector is shielded with 100 mm thick lead with inner lining of 3 mm thick copper and 3 mm thick cadmium sheet. The germanium crystal is operated at 3000 V and is dipped in a Dewar filled with liquid nitrogen used for cooling and set of several radioactive standards of known gamma energy lines are used for energy calibration, including 22 Na with E γ = 511 keV, 137 Cs E γ = 661 keV, 60 Co E γ = 1332 keV and 1173 keV, line). For efficiency calibration, a 1.0 L volume of standard water source kept in Marinelli beaker is used as reference material containing known amount of natural uranium supplied from IAEA, and the background level is determined by using 1.0 liter of de-ionized water measured under the same geometrical condition. The measured spectra are evaluated using the computer software Genie 2000. Bruzzi et al. (2000) also determined the radioactivity level of uranium decay series in raw materials and in end of products of the Italian ceramics industry. The areas of the peaks that selected including the three photopeaks of 214 Bi (609 keV, 1120 keV and 1764 keV) and the two photopeaks of 214 Pb (295 keV and 351.6 keV). Also, Ronald (1998) developed a method for rapid determination of the radioactivity levels of uranium in NORM by gamma spectroscopy. The number of counts related to the above major photopeaks is used to calculate the concentration of Bi were also monitored (Ahmed, 2004) .
For the measurement of relatively high levels of radium, γ-spectrometry has been employed using a germanium semiconductor detector. Ac must be homogeneous throughout the sample, and the standard must have the same configuration and density as the sample. Neither of the above two criteria are necessarily easily achieved. Alternatively, it is possible to measure 226 Ra directly using the 186 keV line. However, the γ-emission probability is relatively low and is liable to interfere with 235 U (Jia et al., 2006) .
Referring to the above concern, an empirical equation can be assumed and applied to overcome interference of both 235 U with relative intensity (I γ = 57.5%) and 226 Ra with relative intensity (I γ = 3.6%). The following formula is mainly depending two essential conditions.
Condition 1
If the net count rate of 235 U is detectable at energy line 143.6 keV with relative intensity (I γ = 10.9%) and/or 163.3 keV with relative intensity (I γ = 5.0%). The empirical formula can be assumed as following:
where: 
Condition 2
If the net count rate of 235 U is not detectable or below detection limit at energy line 143.6 and/or 163.3 keV, the empirical formula can be applied as equation (1) 
In this case, referring to equation (1) by knowing the total net count rate that can easily be measured at 186 keV gamma energy line and the radioactivity level of 226 Ra referring to equation (2), the net and pure count rate of 235 U only at the same gamma line and hence the radioactivity level of 235 U can be determined without spectral interference with 226 Ra (Tab. I). In the present work, the calculated radioactivity level of 235 U is according to the empirical formula (1) with condition (2) and this was only applied because the count rates of 235 U at γ-energy line 143 and 163 keV are not detectable.
232 Th mean activity was measured through the γ-line of their daughters at 238.7 keV (I γ = 44.6%) of 212 Pb, and at 584 keV (I γ = 30.7%) of 208 Tl and 228 Ac at 911.21 keV with intensity 26.6%. For 40 K through the 1460.75 keV γ-line with intensity 10.7%, and 137m Ba ( 137 Cs) through the 661 keV γ-line with the intensity of 85%.
Results and discussion
Radioactivity determination
The Suez Canal, being a man-made waterways, is characterized by limited water recharge rates and is subject to probable chemical and radioactive contamination from several shipments passing daily through the Canal. This high residence periods for contaminants and resulting concentrations in Suez Canal water would not comparable to samples from open seas. In the present work, the radioactivity of 238 U, 235 U, 226 Ra, 232 Th, 40 K and 137 Cs in surface water samples from different locations in the Suez Canal are given in Table I . The range of radioactivity of 238 U is from 1.13 ± 0.048 (El Shallufa area) to 1.88 ± 0.066 Bq/L (El Firdan area) with an average for the eight samples of 1.27 ± 0.02 Bq/L along the canal, while for 235 U, the calculated radioactivity level according to the empirical formula in experimental is within average 0.069 ± 0.002 Bq/L giving a 235 U/ 238 U average ratio 0.049 ± 0.002, (Tab. II). This seems to be convenient with the calculated ratio (0.045) of naturally occurring, regarding the isotopic composition and decay constant of each. This gives a significant support to the empirical formula that was applied to calculate the radioactivity level of 235 U. For 226 Ra, the average range of radioactivity levels is 0.077 ± 0.002 Bq/L giving a 226 Ra/ 238 U average ratio 0.056 ± 0.002 as illustrated in Table II Cs, the range of radioactivity levels in all samples lie within an average around 0.039 ± 0.002 Bq/L, and proved to be, if present, below detection limits in samples from Tousson location.
Comparison between the activity of 137 Cs in Suez Canal surface water and other seas of related countries
A comparison study between the radioactivity levels of 137 Cs in surface waters from Suez Canal and other related seas in different countries revealed a wide range comparable with the present work. Table III illustrates the distribution of 137 Cs in different wide regions including seas and oceans. This data were recently collected from reported references.
Comparison between the activity of naturally occurring radionuclides in Suez Canal surface water and other related Seas
Uranium radioactivity levels in Sea water have been reported by several authors (see Tab. IV). Uranium in Sea water is separated by froth flotation and determined by neutron activation or spectrophotometric method using the uranium (IV) -Arsenazo III complex. Results of the analysis of Pacific coastal samples by the two methods are in good agreement; an average value of 3.0 µg/L (0.036 Bq/L), (Keiichi, 1975) . Cuculic et al. (2006) found the concentration of uranium in Sea water of Krka river estuary is ranged from 2.1 ± 0.2 to 3.1 ± 0.2 µg/L (0.025-0.037 Bq/L). The uranium content of river related to Baltic Sea water originating in regions of igneous rock regions is low, averaging 0.5 µg/L (0.006 Bq/L). The uranium content of rivers from sedimentary rock regions seems higher with a maximum value found being 12.8 µg/L (0.143 Bq/L), (Koczy et al., 1957) . He concluded that uranium is more easily leached out from sedimentary regions. The radium content of river water is not in equilibrium with uranium, amounting to only 10% of the later. It is thus concluded that uranium is more soluble than radium. The uranium content of water from the Balic Sea is also quite variable, ranging from 0.77 to 5.9 µg/L (0.009-0.066 Bq/L). High salinity inflowing water shows 1.8 µg/L (0.022 Bq/L). Surface water increases can be explained by the high uranium content of inflowing river waters; high deep water values are correlated with an oxygen deficiency. It may be assumed that the uranium (VI) is reduced to uranium (IV), forming insoluble complex compounds with organic materials. They settle slowly to the bottom and can explain the rather high uranium content of the sediment (3.2-10.3 g/g). The normal content in clays is about 2.0 g/g. Uranium can be precipitated from Sea water by a high biological activity, which is connected with oxygen deficiency. When the sedimentation is at the same time very small, the uranium content of sediment is enriched, amounting to 200 g/g or more.
El- Tahawy et al. (1994) have measured the concentration of natural and artificial radionuclides in Suez Canal bottom sediments and stream water using a γ-spectrometer based on a HPGe detector. The activity concentrations of 238 In the present work, the high content of uranium in Suez Canal surface water over than the reported values in sea water may be attributed to several factors, some of which are: 1. release of uranium through waste water in the recovery and production of petroleum oil and petrol; 2. presence of soil or sediment highly enriched in uranium (as phosphate); 3. the fact that the Suez Canal has a low biological activity, could lead to less precipitation of uranium than in sea water where uranium can be precipitated by high biological activity; 4. absence or lowering of reducing substances may lead to predominant presence of uranium (VI) which form soluble complex rather than uranium (IV); 5. high content of carbonate (if presented) can increase the leaching of uranium with formation of soluble carbonate complex; 6. the chemical characterization of Suez Canal water will strongly affect the uranium content; 7. the geochemical nature (clay, sand, sediment) of the Canal itself may contain a lot of uranium sources and that be easily leached to the water content.
The content of 232 Th in Suez Canal is also higher than the reported value but lower than Bombay Sea water and this may be related to the difference in chemical composition in the water and also related to the difference in the Geochemical nature of each and/or other related activities.
Although the content of 226 Ra is higher than the reported as in Table IV Ra are revealed in Table V , and shown in Figure 3 .
Effect physical characteristics
The correlation between 238 U and 226 Ra radioactivity levels in salty water (Suez Canal) and related TDS concentration seems to be negative, while it seems to be positive in case of 232 Th, showing a slight increase in the radioactivity levels by increasing TDS concentrate within a range 46-52 µg/L, as in Figure 3 . The same trend (negative correlation) was investigated for 226 Ra in case of drinking water (fresh water) with TDS concentration with in a range from 0.15 to 0.4 µg/L (Lasheen et al., 2007) . (Fig. 3) .
Effect of chemical composition
For
226 Ra, the effect of chloride ion concentration on the radioactivity of radium in salty water, the correlation tends to be direct proportion with increasing the chloride iron within range from 29 to 35 µg/L (Fig. 3) . This is consistent with the effect of chloride ion which was found be of significance only in brines or hyper saline water with chloride concentration around 5 µg/L, (IAEA, 1990) . The effect of chloride ion concentration (within range 0.005 to 0.045 µg/L) on 226 Ra radioactivity levels in drinking water revealed a slight or negligible effect on the radioactivity level of radium (Lasheen et al., 2007) .
Increasing sulphate ion concentration decreased the 238 U, 226 Ra and 232 Th radioactivity levels from 2.3 to 3.2 µg/L (Fig. 3) . At this concentration range of sulphate, this trend is inconsistent with that found by (Lasheen et al., 2007) , in case of radium levels in drinking water, where the effect of sulphate ions concentration proved to give almost no effect on the radioactivity levels of radium, within a concentration range from 0.001 to 0.06 µg/L. Previous studies on the effect of water composition on radium adsorption by model solids revealed that sulphate ions if present in concentration levels typical as those in fresh water (0.06 µg/L) had a negligible effect (IAEA, 1990) . 
